The key to the integration of unmanned aircrafts in the national airspace is to prevent them from colliding with the other traffics in the airspace. However, it is a great challenge to generate a safe, stable and robust collision-free path for unmanned aircraft system (UAS), a.k.a. unmanned aircraft vehicle (UAV), in real time, if the airspace is highly dynamics and heterogenous (i.e. thronged with aircrafts with different motion states). Based on the dynamic artificial potential field (DAPF) algorithm, this paper provides advisories on how to generate a real-time reactive collision-free path for unmanned aircraft vehicles flying in a dynamic airspace, aiming to ensure the flight safety and minimize the impact on surrounding traffic. Firstly, the safety distance was defined as a variable threshold, which scaled adaptively according to the relative motion states of the surrounding obstacles and the performance of the own UAV. Moreover, the forces of the potential field were improved, such that their magnitudes could be adjusted automatically according to the threat levels of the surrounding obstacles. The threat level of an obstacle depends on the relative position, speed and flight trend between the UAV and the obstacle. In addition, the repulsive force along the relative position of the traditional artificial potential field (APF) was retained, and a steering force was added to change the flight direction of the UAV, aiming to speed up the collision avoidance. Furthermore, the attractive force was modified to help the UAV return to the planned path quickly and stably. After that, the capacity were determined to ensure the feasible and practical path planning for the UAV. Finally, the proposed UAV path-planning method was proved effective, safe, stable and adaptive through simulations.
I. INTRODUCTION
The last decade witnessed rapid development of unmanned aircraft system (UAS), a.k.a. unmanned aircraft vehicle (UAV). The excellence in dull, dirty, and dangerous (3D) missions has earned the UAV immense popularity in such fields as cargo delivery, plant protection, search & rescue missions and border patrol [1] . With the proliferation of the UAV in both civilian and military fields, it is an inevitable trend for the UAV to integrate into the National Airspace System (NAS). In most countries, however, the UAV is still mainly operating in isolated airspace as it has not reached The associate editor coordinating the review of this manuscript and approving it for publication was Sabah Mohammed . the safety level of manned aircraft [2] . The entire airspace will become less safe, unless the UAV acquires the sense and avoid (SAA) capability equivalent to manned aircraft. Therefore, the SAA system is the key to improve the UAV integration to the airspace [3] .
One of the major functions of the SAA system is the real-time collision avoidance. The UAV mainly fly in lowaltitude non-regulated airspace. Such an airspace is highly dynamic. In other words, the airspace is full of aircrafts in different motion states and flight paths, as well as occasional pop-ups. Therefore, it is highly necessary to develop a realtime reactive collision avoidance algorithm that ensures UAV safety with minimal disturbance to other air traffics. However, it is difficult for the UAV to set up a safe, smooth and VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ stable collision-free path in real time, which can fast respond to unexpected events and adapt dynamically to different encounter scenes and motion states. After all, an unmanned aircraft does not have a pilot to judge the trend of nearby moving obstacle or decide the maneuver to avoid collision. In recent years, many scholars have probed deep into collision avoidance approaches from different aspects [4] - [7] . Among them, the popular real-time collision avoidance algorithms include A * [8]- [9] and rapid-exploring random tree (RRT) [10] - [13] , geometry-based method [14] - [17] , artificial potential field (APF) [18] - [24] . The A * algorithm is a widely used heuristic search algorithm that introduces the global information to check every possible node in the shortest path, and estimates the distance of the current node to the destination, which reflects how possible it is for the current node to fall in the shortest path. Therefore, this algorithm boasts great application potential in UAV path planning. Hwangbo et al. [8] performed global search for path planning by the A * algorithm under the dynamic constraints of the UAV, creating a series of intermediate points, and initiated the local search to bypass any obstacle. Meng and Gao [9] used a two-way sparse A * algorithm to plan the path for the UAV. The RRT is a sampling-based probabilistic algorithm that quickly traverse the unexplored area of the search space by randomly generating a new node in the space and connecting it to the growth direction of the nearest neighbor. Griffiths et al. [10] relied on the RRT for global path planning. To bypass uncertain dynamic obstacles, Kothari and Postlethwaite [11] adopted the chance constraint to limit the probability of constraint violation, and employed the RRT to perform path planning. To reduce computing time, Kuffner and LaValle [12] developed the concept of two-way RRT, which searches simultaneously from the origin and the destination. Lin and Saripalli [13] combined the reachable set with the RRT to produce the collision-free path against dynamic obstacles in real-time: the collision was predicted based on the reachable set, and the RRT was improved to generate the collision-free path for the UAV and other aircrafts. On the upside, the RRT can quickly find the feasible path in high-dimensional space and complex environments, and, if added control functions with input parameters, apply to path search under various constraints. The geometry-based method mainly looks for the optimal collision avoidance strategy based on the geometric features of the specific environment of aircraft conflicts. For example, Bilimoria [14] presents a geometric optimization approach to aircraft conflict resolution, and obtained resolutions that are optimal in the sense that they minimize the speed vector changes required for conflict resolution, resulting in minimum deviations from the normal trajectory. Considering the dynamic constraints of the UAVs, Alejo et al. [15] proposed a UAV collision avoidance based on reciprocal geometry, which mainly targets the 3D static obstacles in industrial environment. Jenie et al. [16] put forward a real-time collision avoidance method based on conflict geometry, which is a tacticallevel collision avoidance strategy that prevents excessive deviation from the planned path. To solve conflicts in complex scenes, Yang et al. [17] introduced spatial mapping to convert nonlinear safety distance to linear ones. However, these algorithms are not well suitable for reactive collision avoidance in dynamic airspace. The A * algorithm consumes lots of memory to support its highly complex computations. The RRT algorithm often needs to be improved by the Dijkstra algorithm and consumes a long time to adjust the planned path. The geometric algorithm is highly efficient. Nonetheless, the algorithm cannot adapt to complex, dynamic airspace environments, as it requires the specific geometric relationship between the UAV and the obstacle.
The APF stands out from these algorithms thanks to its good effect and robustness in highly dynamic environment and rapid response to environmental changes. For instance, Bortoff [18] proposed an APF-based path generation method for UAV collision avoidance, which draws an invisible path by linking up mass points with a spring and a damper. For multi-UAVs coordination, McLain et al. [19] presented a collision avoidance method that models the object with a series of physical simulations. Zhu et al. [20] modified the APF to realize UAV real-time avoidance path planning against sudden threat and randomly moving obstacle; for the flyability of the planned paths, the modified method creates a constraint reference frame to decompose the APF force under the capacity constraints of the UAV. Sun et al. [21] improved the APF method to generate collision-free paths cooperatively in a 3D dynamic space with multiple UAV.
McIntyre et al. [22] introduced the bidirectional APF method to avoid the collisions between multiple unmanned ships moving at the same time to the same destination. Based on the APF and the bacterial evolution method, Oscar Montiel et al. [23] put forward a path planning approach to prevent collision between moving and static obstacles in a complex, dynamic environment, which can determine the optimal paths in a flexible and efficient manner. Nie et al. [24] controlled the UAVs formation with the APF method based on speed state. To sum up, the APF provides a suitable solution to real-time collision avoidance in dynamic environment. However, the relevant studies mostly tackle the inherent defects of the traditional targets, such as unreachability, local oscillation and path non-flyability. When it comes to the real-time collision avoidance against moving obstacle, the existing APF methods often views moving obstacle as instantaneous static, and ignores the motion state and flying trend of the obstacle in each step. What is worse, the collision avoidance strategies are not well adapted to the complex, changing encounter scenes, and the planned paths may be unflyable due to the neglection of the dynamic constraints of the UAV. Overall, the traditional APF methods cannot effectively achieve the real-time collision avoidance of the UAV in a dynamic airspace with different obstacles.
This paper aims to design a generation method for a safe, stable, robust and flyable collision-free path in dynamic airspace. The generated path should be able to respond to unexpected obstacles quickly, while minimizing the impacts on the surrounding users of the airspace. There are mainly three contributions of this research: First, the APF was improved by the obstacle's threat level, which was determined by the position, motion state and flight trend. The UAV can adjust its safety distance and collision-avoidance force adaptively to the threat level of the surrounding obstacles in different encounter scenes, thereby improving its safety and dynamic adaptivity to the environment. Second, the collisionfree path was kept smooth and stable by highlighting the collision avoidance through changing the speed direction of the UAV and preventing the oscillation of the UAV when it returns to the planned path. Third, the unflyable paths generated by the potential field method were filtered out. These paths may require extreme maneuvers, such as sharp changes in direction or speed, that are inexecutable due to the kinematics limitations of the UAV.
The remainder of this paper is organized as follows: Section II formulates the problem and describes the kinematics model of the UAV; Section III introduces the DAPF collision-free path generation method; Section IV verifies and analyzes the performance of our algorithm from different perspectives; Section V puts forward the conclusions.
II. PROBLEM STATEMENT
In this paper, it is assumed that a UAV flies along the planned path, and adjusts the path in real time to avoid collision into noncooperative obstacles. It is also assumed that the position and motion state of the UAV are both known, while the positions of the uncooperative obstacles nearby can be detected in real time by ground radar or airborne sensor. The uncooperative obstacles are considered as flying at a uniform speed in the short term. In this section, the kinematics model of the UAV is defined, provided that both the UAV and the obstacles move forward according to kinematics functions. The potential field force changes the acceleration of the UAV, and thus controls its motion state.
The paper mainly focuses on low-altitude airspace, where small UAVs (<55 lbs) are more widely used than large ones [25] . For simplicity, each aircraft was viewed as a particle in the 3D space, and described by the Cartesian north east down (NED) coordinate system. The UAV motion state at time t, x(t) can be expressed as
T is the speed values in the three reference directions of the reference coordinate system. Then, the kinematics model of the UAV can be expressed as:
where, T is the sampling interval of the system; I is a unit matrix; y(t) is the system state acquired by the UAV via the sensor; S w is the operation noise of the system; S v is the position measurement noise of the sensor. Both S w and S v obey the zero-mean multidimensional Gaussian normal distribution. In addition, S w is affected by airspace environment like wind and the system deviation within the aircraft. During the flight, the APF force acts on the UAV, and generates an acceleration to control the maneuvers of UAV.
III. DAPF COLLISION-FREE PATH GENERATION
During the flight, the UAV needs to automatically generate safe, efficient and stable collision-free paths in real time according to the constant changes in the airspace environment. The planned paths must adaptable to the dynamic environment and be flyable. With timely response to environmental changes, the APF provides a good solution to the real-time reactive collision avoidance in dynamic, complex airspaces. However, the paths planned by the traditional APF might be unstable and unflyable, because the potential field force only depends on the relative positions between the object and the obstacle. To solve the problem, the APF was improved for the collision avoidance in dynamic environment. Specifically, the potential field force was examined considering how it is affected by the motion state and flight trend of the moving obstacles with different threat level. The UAV's capacity were also taken into account. In this way, the DAPF produces safe, stable and flyable collision-free paths that adapt to the dynamic environment, thus ensuring UAV safety with minimal disturbance to other air traffics. The airspace conflicts between the UAVs can be resolved by various methods, including vertical resolution, speed resolution, and combined resolution (e.g. right turn + deceleration) [26] . However, the UAVs are not completely in the free flight state in the low-altitude airspace. This airspace is divided into multiple layers based on the traffic class of the UAVs. Beyond-the-visual-range flights are normally restricted to the structured routes in the narrow altitude band [27] . A suggested range of the band is between 200 and 500 feet [28] . In such a narrow flight space, the UAVs should try to avoid collision by changing the heading or speed, rather than the height [26] , [29] . As a result, this paper attempts to realize collision avoidance by changing both the heading and speed on the horizontal plan. Climbing or descending was considered only under emergencies.
A. TRADITIONAL APF
The APF was proposed by Khatib in the 1980s [30] . The basic idea of the traditional APF is as follows: It is assumed that a robot moves under two forces in a virtual potential field. One is the attractive force at the destination that pulls the robot towards the destination. The other is the repulsive force on the obstacle that pushes the robot away from the obstacle (threat source). In the virtual potential field, a path can be constructed to connect the origin and the destination along the direction of the resultant force of the attractive force and the repulsive force. The traditional APF can be expressed as:
where, U att and U rep are the potential field functions of the attractive force and the repulsive force, respectively; F att and F rep are the attractive force and the repulsive force, respectively; F total is the resultant force; i is the number of obstacles; k α and k β are the proportional gains of the attractive force and the repulsive force, respectively; p g is the position of the destination; p is the position of the robot; d is the actual distance between the obstacle and the robot; r safe is the safety distance threshold. The robot moves under the resultant force of the attractive force and the repulsive force. The attractive force drags the robot to the destination. The longer the robot-obstacle distance, the greater the attractive force. The repulsive force ensures that the robot-obstacle distance is greater than the safety distance threshold. The repulsive force has a limited range of action. It only acts on an object if d ≤ r safe .
B. IMPROVEMENT OF ARTIFICIAL POTENTIAL FIELD METHOD 1) IMPROVEMENT OF SAFETY DISTANCE THRESHOLD
The safety distance can resolve the conflict between the UAV and obstacles. It is often defined as a fixed value. Nonetheless, a UAV with a fixed safety distance may fail to detect the obstacle that should be evaded rapidly, if the UAV flies at a relatively slow speed, or perform many unnecessary collision avoidance maneuvers, if the close obstacle is flying away from the UAV. In other words, a fixed safety distance may suppress the operation efficiency and safety of the entire airspace. Considering the above, the adaptive safety distance is defined for keeping safety separation between the UAV and the obstacle. This paper decomposes the safety distance threshold into a fixed part r min safe , a variable part r var safe and connection part r connect safe . Shown in Figure 1 , the fixed part is the minimum safety distance. The variable part is adjusted automatically according to the relative speed of the obstacle and the maximum turning ability of the own UAV. The connection part is between the fix part and the variable part.
As shown in Figure 1 , the boundaries of the dynamic safety distance threshold form a ''sector-like'' dynamic collisionfree region (CFR). The CRF is delineated by the minimum safety boundary AB at the bottom, the floating safety boundary MN in the peripheral and the lateral safety boundaries AM and BN .The orientation of the CFR is the same with the The variable part of safety distance r var safe is expressed as follows:
where, r min safe is the minimum safety distance of the UAV;
k v k a +w max indicates the capacity of the UAV, w max is the maximum turning rate of the UAV, k w and k a are two constants. r var safe is adjusted according to the relative speed of the obstacle and the maximum turning ability of the UAV. If the obstacle is approaching the UAV, the safety distance increases with the approaching speed; if the obstacle is receding from the UAV, the safety distance is the minimum safety distance. By contrast, the UAV with a fast turning rate has a strong turning ability, and thus a small safety distance. If the UAV-obstacle distance is shorter than the safety distance, the repulsive force will appear and keep the UAV away from the obstacle or from another UAV. The connection part of safety distance r connection safe can be expressed as follows:
where, r connection safe can be derived from the geometric relationship in Figure 1 . The specific computations can be seen in [31] . To sum up, the safety distance threshold of the UAV at time t can be expressed as:
where, the angular range β ∈ [0, π 2 ] is a constant related to the UAV performance. The value of θ 1 can be derived from the slope of the lateral safety boundary AM . If the obstacle P obs is outside MN (δ ∈ [0, β) U (−β, 0]). This conflict poses a high threat to the UAV. In this case, the variable part of the safety distance plays a major role. If the obstacle P obs is outside AM or BN (δ ∈ [β, θ 4 ] U [−θ 4 , −β]), the separation is mainly maintained by connection part r connect safe . If the obstacle is far away from the own UAV, the minimum safety distance is used. The detail of the ''sector-like'' dynamic CFR calculation can be found in [31] .
2) IMPROVEMENT OF REPULSIVE FORCE
The repulsive force F rep (t) keeps a relative safety distance between the UAV and the surrounding obstacles, thus realizing collision avoidance. If the UAV-obstacle distance is smaller than the safety distance, the UAV will be pushed away by the repulsive force from the obstacle. In the traditional sense, the repulsive force is always related to the positions of the UAV and the obstacle, and opposite to the direction of the line pointing from the center of the UAV to the center of the obstacle. If the angle is small between the relative speed and the relative position, the traditional repulsive force mainly changes the UAV speed, with a slight adjustment of the speed direction. In extreme cases, if the repulsive force and the attractive force both act on the said connecting line, the UAV speed will only increase or decrease under the action of the forces, but still point towards the obstacle, which ultimately leads to collision. Moreover, the traditional repulsive force only depends on the UAV-obstacle distance, failing to consider the motion states of the UAV or the obstacle. As a result, the UAV may be unable to avoid the fast approaching obstacle, or make too many unnecessary avoidance maneuvers against a nearby receding obstacle. Either situation will puzzle the nearby traffic and endanger the airspace.
Therefore, the traditional repulsive force is improved in this research. Our collision avoidance strategy focuses on changing the direction rather than the magnitude of UAV speed to reduce the violent vibrations of the speed and acceleration and to prevent the local minimum trap. Besides, the magnitude of the repulsive force was adjusted based on not only the UAV-obstacle distance, but also the threat levels of surrounding obstacles. This enhances the adaptability to dynamic airspace environment.
The repulsion is split into position repulsion F p rep and speed repulsion F v rep . The former keeps the UAV away from the obstacle just like the traditional APF, while the latter enables the UAV to avoid collisions by changing direction. Figure 2 
where, v i o and p i o are the speed and position of the i-th obstacle around the UAV; v is the vector of the relative speed between the UAV and the obstacle; d is the vector of the relative distance between the UAV and the obstacle, which points from the UAV towards the obstacle. v * cos (δ) is the relative position component of the relative speed between the UAV and the obstacle, i.e. the approaching speed between the two objects. If the obstacle and the UAV are approaching each other, cos (δ) > 0, the faster the approaching speed, the higher the threat level of the obstacle, and the greater the repulsive force is needed to help the UAV avoid the collision. Otherwise, if cos (δ) ≤ 0, the two objects are receding from each other. In this case, the threat level of the obstacle is zero, and no collision avoidance is needed.
The modified repulsion function is as follows: , 0 ) and the actual distance to the UAV is less than the safety distance The actual distance to the drone is less than the safety distance threshold ( d < r safe ), the position repulsion F p rep and speed repulsion F v rep will start to work and push the UAV away from the obstacle by reducing speed and changing direction. If the obstacle moves away (δ ∈ π 2 , 3π 2 ), the position repulsion and speed repulsion will not enter into effect.
If the UAV senses N obstacles to be avoided at a moment, then the total collision avoidance force can be expressed as:
3) IMPROVEMENT OF ATTRACTIVE FORCE
The UAV flies forward along the planned path under the attractive force. The planned path was set in advance. It consists of multiple 4-dimensional trajectories (4DTs). The four dimensions include the three position coordinates and time. To ensure that the UAV could return to the planned path after collision avoidance, the attractive force F att was divided into position attractive force F p att and speed attractive force F v att . As shown in Figure 3 , the position attractive force is mainly related to the real-time position of the UAV. It drags the UAV to fly along the planned path to the destination. Meanwhile, the speed attractive force is related to the real-time speed of the UAV. It makes the UAV to reach the desired speed after avoiding the obstacle. The attractive force and its two components can be expressed as:
where, k p and k v are gain coefficients. p (t) and v(t) are the UAV position and speed at the time t. p g (t) denote the sampling points on the 4DT trajectory as goal position in a certain time horizon and update iteratively. V o is a desired constant speed. After avoiding the obstacle, the UAV will return to the planned path under the action of the attractive force. However, as it continues to accelerate under the attractive force, the UAV may oscillate along the planned path. As Figure 4 , the attractive force F ti att is always greater than zero in the vertical direction to the planned path at time ti. Then, the UAV will continue to speed up in the vertical direction and eventually fly out of the planned path. After flying out of the planned path, the vertical direction speed of the UAV will first reduce to zero and then gradually increases. Since the speed direction is negative, the UAV will fly back across the planned path again. The above process will repeat, and the UAV will oscillate about the planned path.
To offset the oscillation, the damping force ρ damp was introduced:
where, k damp denotes the coefficient of the damping force, k damp > 0. v u (t) is the UAV speed at the time t. The damping force points to the opposite direction of speed. Its magnitude is positively correlated with the UAV speed. There are two functions of the damping force: helping the UAV return to the planned path after the collision avoidance; preventing the UAV from oscillating near the destination. Considering the oscillation induced by the attractive force, the modified attractive force can be described as:
If the UAV-obstacle distance is smaller than the safety distance, i.e. the UAV is avoiding the obstacle, the UAV will fly forward under the combined effect of the repulsive force and the attractive force. In this case, the main acting forces include the speed attractive force and position attractive force. If the UAV-obstacle distance is greater than the safety distance, the UAV mainly flies forward under the attractive force, then the damping force needs to be added to work together with the attractive force and position attractive force, aiming to offset the oscillation caused by the attractive force.
C. RESULTANT FORCE GENERATION UNDER CAPACITY CONSTRAINTS
The resultant force of the potential field can be obtained from the states of every aircraft and the environment condition at the current time:
Considering the upper bounds of the speed, acceleration and turning rate of the UAV, not all collision avoidance paths are flyable. The resultant force must be controlled within the capacity of the UAV.
(1) Maximum acceleration constraint The acceleration a (t) of the UAV at time t should be smaller than the maximum acceleration a max :
(2) Maximum speed constraint The speed v u (t) of the UAV at time t should be smaller than the maximum speed v max :
(3) Maximum turning rate constraint The turning rate w (t) of the UAV at time t should be smaller than the maximum turning speed w max :
Under the above constraints, the resultant force can be finalized as:
where, F max (t) is the force corresponding to maximum acceleration at time t, which is depending on the maximum acceleration and maximum speed permitted by the UAV capacity. In this way, the resultant force F total (t) was controlled within the maximum capacity without changing its direction. Finally, the F total (t) acts on the UAV and control its motions via the acceleration a(t) = F total (t) m , where m denotes the mass of the UAV.
IV. SIMULATION EXPERIMENT
To verify its effectiveness, the DAPF algorithm was applied to collision avoidance simulation based on the particle model, using two quadrotor UAVs. The simulation environment is Intel (R) Core (TM) i5-8250U CPU @1.60GHz, RAM 8.0G, 1.80GHz. The relevant parameters of the algorithm are listed in Table 1 .
A. DAPF'S COLLISION-FREE PATHS IN DIFFERENT ENCOUNTER SCENES
This section verifies the different collision avoidance strategies of the UAV in three encounter scenes: rear, crossrange, and opposite. The angle between relative position and relative speed was set to 10 • , 260 • and 170 • in the three scenes, respectively. The initial speeds of the UAV and the obstacle were 50m/s and 100m/s, respectively.
The collision-free paths in the three scenes are respectively shown in Figures 4-6. As shown in Figure 4 , the obstacle entered the collision avoidance zone of the UAV at 37s, and the UAV started to make collision avoidance maneuvers; the obstacle left the safe zone of UAV at 49s, and the UAV began to return to the planned path; the UAV restored the preset path at 58 s and continued to fly at the preset speed. The UAV consumed 13s to avoid the obstacle, and 21s from the start of collision avoidance to restoration of the planned path. According to the cross-range encounter in Figure 5 , the obstacle entered the CFR of the UAV at about 38s, when the UAV started to take collision-avoidance maneuvers. The UAV consumed 10s to avoid the obstacle, and 19s from the start of collision avoidance to restoration of the planned path. According to the opposite encounter in Figure 6 , the obstacle entered the CFR of the UAV at about 37s, when the UAV started to make collision avoidance maneuvers. The UAV consumed 7s to avoid the obstacle, and 18s from the start of collision avoidance to restoration of the planned path.
From the above figures, it can be seen from that the UAV always avoided the moving obstacle in the three encounter scenes, with different amplitudes and intensities of maneuvers. This means the planned paths are both safe and dynamically adaptable. The shortest time of collision avoidance was observed in the opposite encounter scene. During path restoration, the UAV did not oscillate about the preset path but left a smooth trajectory, indicating the planned path is safe and smooth.
The UAV-obstacle distance in the three scenes ( Figure 7 ) show that the distance was always greater than the collision distance, which is depicted by a dashed red line, a signal of the success in collision avoidance in all three scenes. Overall, the distance decreased before increasing, exhibiting no oscillation. Thus, the collision-free paths of the UAV are relatively smooth. Figure 8 describes the time variation in the flying distances along and perpendicular to the preset route. As shown in the figure, the UAV speed changed stably with no violent fluctuation in all three scenes. Relatively, the speed and acceleration of the UAV were changed violently in the opposite scene. At that time, the sector of the CFR faced the obstacle ( Figure 6 ). This means the UAV started to make collision avoidance maneuvers early. Thanks to the magnitude of the relative speed, the deviation from the planned path was maximized, and the collision avoidance time was minimized.
B. COMPARISON BETWEEN DAPF AND TRADITIONAL APF IN COLLISION AVOIDANCE PERFORMANCE
The DAPF and APF were compared in terms of the deviation of the collision-free path from the preset route, the change intensity of speed and acceleration, and the smoothness of the collision-free path.
It is assumed that the obstacle left the position P = [−2100, −800, 4000] at the speed of v o = [100, 15, 0]. The collision avoidance processes of APF and DAPF are illustrated in Figure 9 . In the DAPF, the obstacle was detected and the collision avoidance maneuver was made at t = 34 s, and the obstacle was avoided at t = 46 s, and the preset route was basically restored at t = 54s. In the APF, the obstacle was not detected until t = 40 s, followed by an emergency collision avoidance. At t = 47 s, the DAPF began to restore the preset route, while the APF continued to move away from that route. At t = 56 s, the preset route was basically restored in the APF method. Obviously, the DAPF was closer to the preset route and smoother in collision avoidance. As shown in Figure 10 , the UAV-obstacle distance was greater than the collision distance in both APF and DAPF, indicating that both methods can avoid the obstacle. Figure 11 compares the flight distance of the UAV along and perpendicular to the preset route in both methods. Compared with the APF, the DAPF achieved a smooth collision-free path, small deviation of the UAV from the preset route, and a small impact on the nearby aircrafts in the airspace. Figure 12 shows the variations in speed, acceleration and turning rate of APF and DAPF in the encounter scenes mentioned in Section B, and compares the two methods in the maximum speed, maximum acceleration and maximum turning rate.
C. FLYABILITY VERIFICATION OF COLLISION-FREE PATHS
It can be seen in the figure that, even if the maximum speed is limited, the maximum speed of the UAV still surpassed the maximum speed at certain moments under the APF, while the UAV speed was fluctuating along the preset route and approached zero at certain moments. By contrast, the UAV maintained a stable speed under the DAPF, despite a slight variation during obstacle avoidance. The difference in acceleration is more prominent. In the APF, the acceleration fluctuated significantly during obstacle avoidance, peaking at 60; in the DAPF, the acceleration only changed slightly three times, and never exceeded 15. On the turning rate, the maximum UAV turning rate was controlled at 5 • /s in the DAPF, and not limited in APF. The constraint on the maximum turning rate suppresses the turning angle at collision avoidance, and controls the violent change in path direction. That is why the UAV speed and acceleration changed more smoothly and flew along a more stable path in the DAPF.
D. SAFETY VERIFICATION OF COLLISION-FREE PATHS
The safety of collision-free paths was verified by comparing the success rate of collision avoidance of APF and DAPF. The obstacle speed was set in the range of 30 ≤ v o ≤ 120, and the relative speed directions of the obstacle were set to α = 1, 2, · · · , 360. In this way, 1,000 encounter scenes were generated for safety verification. The comparison is shown in Figure 13 , where x-axis is the direction along the preset speed of the UAV, and y-axis is the direction perpendicular to the preset speed of the UAV. The relative position between the UAV and the obstacle in the two directions at the minimal UAV-obstacle distance was illustrated by points in the figure. The red points are the minimum distance in the DAPF and the green ones are that in the APF, and the blue arc represents the collision distance. In the 1,000 random experiments, the DAPF failed to avoid collision 16 times (success rate: 98.4%), while the traditional APF failed 403 times (success rate: 59. 7%). With a clearly higher success rate, the DAPF is much safer than the traditional APF.
V. CONCLUSION
In traffic management, it is a great challenge to automatically generate a real-time, safe, stable and robust reactive collisionfree path for the UAV in a dynamic airspace thronged by varied flying objects. This paper proposes a real-time reactive path planning method for collision avoidance in dynamic airspace (DAPF), which generates the collision-free path according to the threat level of the moving obstacle. For a variety of encounter scenes and motion states of the obstacle, the DAPF can prevent the UAV from colliding into nearby unexpected moving obstacles and reduce the impact on nearby users of the airspace. The DAPF boasts the following innovation points:
(1) The author put forward the concept of adaptive safety distance. The safety distance threshold was divided into a fixed part and a variable part. The former is the last line of defense against air collisions, while the latter adjust adaptively according to the UAV capacity, as well as the motion state of the approaching obstacle. The higher the relative speed and the poorer the UAV capacity, the greater the safety distance threshold, and the earlier the collision avoidance maneuver should be made.
(2) The potential field force was improved to enhance the stability and robustness of the collision-free path. First, the repulsion was improved not only considering its correlation with the relative position between the UAV and the obstacle. The speed steering force was added to change the flight direction of the UAV. The magnitude of the repulsion depends on the threat level of the obstacle. The threat level depends on the relative position, speed and flight trend between the UAV and the obstacle. Second, the attractive force was split into position attractive force and speed attractive force, aiming to help the UAV return to the planned path stably after avoiding the obstacle. The position attractive force ensures that the UAV flies along the destinations on the planned path, while the speed attractive force keeps the UAV speed at a stable level. In addition, a damping force was introduced to prevent the UAV from oscillating about the planned path under the action of the attractive force.
(3) The flyability of the collision-free path was guaranteed under constraints on the UAV capacity, such as the maximum speed, maximum acceleration and maximum turning rate. The maximum speed constraint and maximum acceleration constraint guarantee the stability of the collision-free path, while the maximum turning rate constraint controls the path extension direction within a certain range, making the path smooth and robust.
The experiments show that our method can create robust, safe and stable collision-free path in real time in different encounter scenes of the dynamic airspace, outperform the traditional APF in both safety and stability, and ensure the flyability of the collision-free path. The proposed collisionfree path planning method is applicable to ground UAV management center or UAV airborne sense and avoid (SAA) system, and support various UAV models.
The future research will further explore the real-time collision-free path planning of multiple UAV, and predict the future uncertain trajectories of the UAV.
